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SUMUARY 
Pressure and temperature characteristics were measured for a number of  
multichannel electronically scanned pressure sensors. 
on commercially available units which were designed to operate in a control- 
The tests were made 
led temperature environment. Measurements of zero snift, sensitivity, and 
nonlinearity for each transducer were taken over a temperature range from 
100 1( to 340 K using a computer controlled data acquisition system. 
The units tested failed to meet accuracy specifications over the com- 
plete temperature range, whicn was expected. However, the sensors showed 
acceptable and predictable behavior over the temperature range from approxi- 
mately -40" C ( 2 3 ~  I() to 7U" C (343 K). It vJas determined tnat a conioina- 
tion of local neating and accurate temperature monitoring can result in a 
device that cdn be compensated for temperature as well ds its otner piiySiCa1 
properties. The design of a prototype for operation in a cryogenic environ- 
lnent is proposed, and a metnod for coinpensation is developed. 
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INTRODUCTION 
For t h e  pas t  severa l  years, e l e c t r o n i c a l  ly-scanned pressure (ESP)  
t ransducers have been used t o  make mul t i channe l  pressure measurements i n  t h e  
wind tunne ls  a t  t h e  NASA Langley ttesearch Center (Ref.  1). A t y p i c a l  t S P  
module cons is t s  o f  a se r ies  o f  pressure sensors, a m u l t i p l e x e r  f o r  scanning 
the  ou tpu ts  of t h e  sensors, and an a m p l i f i e r  t o  c o n d i t i o n  t h e  ou tpu ts  f o r  
t ransmiss ion t o  a data a c q u i s i t i o n  system ex te rna l  t o  t h e  t e s t  environment 
(Ref. 2 ) .  
mental c o n d i t i o n s  and meeting accuracy requirements has no t  been o v e r l y  
d i f f i c u l t  t o  achieve. However, s ince  t h e  c ryogen ic  windtunnel ,  t h e  Na t iona l  
Transonic Fac i  1 i t y  (NTF), has been pu t  i n t o  operat ion,  pressure measurements 
have been requ i red  a t  temperatures approaching t h a t  o f  l i q u i d  n i t rogen .  
Since the coinrnercially a v a i l a b l e  ESP modules are  designed t o  operate a t  
temperatures o n l y  down t o  -18 degrees Cels ius,  i t  i s  necessary t o  p lace  them 
i n  heated enclosures.  Furthermore, accuracy s p e c i f i c a t i o n s  requ i red  t h a t  
t ne  temperature o f  t h e  enc losures be n i g n l y  c o n t r o l l e d  t o  reduce parameter 
v a r i a t i o n s .  The requirement f o r  heated enclosures r e s u l t s  i n  a r a t h e r  b u l k y  
measurement system wnich i s  very  d i f f i c u l t  and sometimes impossib le  t o  b u i  l a  
i n t o  a scaled-down module. Therefore, i n  many cases, t h e  modules i n  t h e i r  
heated enc losures are  p laced i n  t h e  tunne l  e x t e r n a l  t o  t n e  model and 
pressure tub ing  i s  connected from t h e  model t o  t h e  module. 
o f  pressure measurements may be requi red,  t h e  system o f t e n  becomes unwie ldy 
and d i f f i c u l t  t o  connect and main ta in .  I n  such cases, even r e l a t i v e l y  
s imple problems can take hours o r  days t o  l o c a t e  and c o r r e c t .  
Most o f  these measurements have been made under moderate env i ron-  
Since hundreds 
The goal of t h i s  research was t o  develop a measurement system t o  reduce 
o r  e l i i n i n a t e  most o f  these 1 i m i t a t i o n s  w i thou t  compromising t h e  i n t e g r i t y  of 
the measurements. The approach decided upon was t o  measure t h e  p r o p e r t i e s  
of the  t ransducer as a f u n c t i o n  of temperature and pressure and p rov ide  
compensation as the thermal environment o f  the  t ransducer  i s  al lowed t o  
change. Three inajor problems which had t o  be addressed were: 
de termina t ion  o f  the thermal behavior o f  t he  sensors; The p rec i se  ineasure- 
ment o f  sensor temperature f o r  accurate compensation o f  t h e  measurement; and 
a method o f  i nco rpo ra t i ng  the  a d d i t i o n a l  temperature sensors i n t o  t h e  module 
w i t h  a minimum e f f e c t  on s i z e  and channel capac i ty .  
was the  problem o f  opera t ing  the  m u l t i p l e x e r  and ins t rumen ta t i on  a m p l i f i e r  
a t  low temperatures. Th is  was no t  perce ived as a major problem s ince  corn 
prehensive s tud ies  (Ref. 3) have shown t h a t  a g rea t  number o f  standard o f f -  
t he -she l f  e l e c t r o n i c  components can be operated r e l i a b l y  down t o  l i q u i d  
n i t r o g e n  temperatures. 
Tine accurate 
O f  l esse r  importance 
The pressure t ransducers used i n  t h e  ESP modules are  f a b r i c a t e d  by 
d i f f u s i n g  i n t o  a s i l i c o n  diaphragm a Wheatstone b r idge  c o n s i s t i n g  o f  p iezo-  
r e s i s t i v e  elements (Ref. 4 ) .  
diaphragm such t h a t  t he  p i e z o r e s i s t i v e  b r idge  elements are s t ressed under 
pressure.  With a constant  vo l tage  p laced across t h e  i n p u t  t o  t h e  br idge,  
the change o f  res i s tance  under pressure r e s u l t s  i n  a change o f  vo l tage  a t  
t he  b r idge  ou tpu t  te rmina ls .  
i s  approx imate ly  l i n e a r  and e x h i b i t s  a small o f f s e t  vo l tage  a t  zero 
pressure.  It has been found t n a t  t h e  smal l  n o n l i n e a r i t y  t h a t  e x i s t s  can be 
represented t o  a h igh  degree o f  accuracy b y  a quadra t ic  approximat ion.  A l l  
of these p r o p e r t i e s  a re  a f fec ted  by  temperature. 
r e l a t e s  the  pressure, P, t o  the  b r idge  ou tpu t  vo l tage,  V: 
The pressure t u b i n g  i s  then connected t o  t h e  
Tne output  vo l tage  as a f u n c t i o n  o f  pressure 
The f o l l o w i n g  equat ion 
P(T) = C l (T)  + C2(T)V + C3(T)V2 
2 
where C l ( T )  i s  the o f f se t  pressure, as a function of 
temperature, required t o  yield zero o u t p u t  
voltage from the b r idge ,  
C2(T)  i s  the l inear coeff ic ient ,  as a function of 
temperature, also called sens i t i v i ty ,  
and C 3 ( T )  i s  the nonlinear coeff ic ient ,  as a function 
of temperature. 
I f  the tranducer i s  to  be operated i n  a controlled thermal environment ( f o r  
example, rooin temperature), then the temperature variation of the coeff i -  
c ients  i s  eliminated and the calibration procedure becomes re la t ive ly  sim- 
ple. One rids only to  apply three known pressures and solve triree equations 
f o r  three unknowns. If the transducer i s  now operated a t  the same tempera- 
ture  as the cal iorat ion temperature (assuming repea tab i l i ty ) ,  then the pres- 
sure can be calculated accurately from the o u t p u t  voltage. T h i s  cal ibrat ion 
can actually be performed on-line between data t a k i n g  events. 
I f  the temperature i s  allowed t o  vary, however, the cal ibrat ion pro- 
cedure becomes much more complicated. 
ior o f  the coeff ic ients  for each transducer must be determined i n  advance 
and stored i n  the computer. T h i s  procedure requires of f - l ine  cal ibrat ion 
u s i n g  an environmental chamber and the accurate measurement of temperature 
as  well as voltage and pressure. In actual operation, two output voltages 
f o r  each channel are read into the computer. One of the voltages i s  derived 
from d temperature sensor and the other is  taken d i rec t ly  across tne oridge 
o u t p u t  terminals and i s  proportional t o  pressure as well as temperature. 
In th i s  case, the temperature behav- 
3 
The temperature sensors are placed as close t o  the pressure transducers as 
possible i n  order t o  minimize the e f fec ts  of temperature gradients. 
d iagram f o r  tne proposed model i s  shown i n  F i g .  1. This  module w i l l  have 
one temperature sensor for  each channel. 
future models t o  use fewer temperature sensors oy s t ra teg ica l ly  placing t h e m  
on the substrate and u s i n g  thermal analysis t o  calculate  the temperature of 
each pressure sensor. 
A block 
However, i t  may be possible i n  
EXPERIMENTAL PROCEDURE AND RESULTS 
The ESP modules used i n  the experimental phase of th is  research were 
composed of 32 so l id-s ta te  pressure transducers, a multiplexer t o  scan each 
sensor i n  turn a t  a ra te  o f  up t o  20,000 times a second, and an instrumenta- 
t i o n  amplifier t o  condition tne output signals before t r a n s m i t t i n g  t h e m  t o  
the data acquisition system. 
able 32 channel module i s  mown i n  F i g .  2. This module i s  composed of two 
sub-units: an alumina (AL 0 ) substrate which contains the pressure sen- 
sors ana tne address multiplexers; and a printed c i r cu i t  board containing an 
address decoder and an instrumentation amplifier. Several different modules 
and module sub-units were tes ted.  The i n i t i a l  module tested was a u n i t  (S/N 
32626) nicknamed the "spider" because of i t s  un ique  arrangement of pressure 
port t u b i n g .  
was needed f o r  incorporation i n t o  a model a t  NTF and i t  became necessary t o  
obtain an al ternate  u n i t  t o  t e s t .  A similar 32 channel w i t h  a cracked sub- 
s t r a t e  was used. The transducers were s t i l l  e lectronical ly  operational even 
t h o u g h  they could not  be pressurized. 
used t o  determine zero pressure offset  data and further verify the r e su l t s  
obtained d u r i n g  the tes t ing o f  the "spider" module. 
The schematic diagram of a commercially avail- 
2 3  
During the course of the investigation, the "spider" module 
This u n i t  ( referred t o  as ESP-X) was 
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9 
sensor which has a complete ly  d i f f e r e n t  t ype  o f  phys i ca l  c o n s t r u c t i o n  was 
subjected t o  the  same t e s t i n g  t o  determine i f  i t  a lso  e x h i b i t e d  t h e  same 
p r o p e r t i e s .  As can be seen i n  F ig .  5 ,  t h i s  dev ice  does indeed behave i n  an 
almost i d e n t i c a l  manner. Since a l l  sensors t e s t e d  showed more o r  l e s s  t h e  
sane problem behavior  a t  approximately -40" C, t h i s  w i l l  be considered t h e  
lowest p r a c t i c a l  opera t ing  temperature f o r  t h e  proposed system. 
Data were a l so  taken which al lowed t h e  de terminat ion  o f  t n e  e r r o r  i n  
the  pressure readings from the  sensors as a f u n c t i o n  o f  t h e  app l ied  pressure 
over  t h e  tenpera ture  range. The p l o t s  i n  F igs .  6 and 7 show tnese e r r o r s  a t  
temperatures o f  -80' C, +60' C and +80' C. It i s  r a t h e r  unexpected t h a t  t h e  
e r r o r  a t  very  low tenpera tures  i s  much l e s s  tnan t h a t  a t  h i y n  temperatures.  
I t was observed t h a t  below approximately -40" C, t he  l a r g e  inc rease i n  sen- 
sor  ou tpu t  (see F ig .  4) caused the  ou tpu t  a m p l i f i e r  t o  s a t u r a t e  so t n d t  
opera t ion  o f  the  t ransducers a t  temperatures below -40' C was i m p r a c t i c a l .  
A l l  t h ree  p l o t s  show t h a t  t h e  negat ive  pressure  s i d e  r e s u l t s  i n  a smal le r  
e r r o r  than the  p o s i t i v e  pressure s ide. The reason i s  t h a t  t h e  c a l i b r a t i o n  
pressure i s  a p o s i t i v e  pressure app l i ed  t o  t h e  re fe rence  p o r t  which has t h e  
net  e f f e c t  o f  apply ing a negat ive  pressure t o  t h e  i n p u t  pressure po r t s .  
impor tant  p o i n t  t o  be noted i s  t h a t  t h e  semiconductor t ransducers a re  n o t  
symnetr ica l  about the  zero pressure ax is  and t h e  c a l i b r a t i o n  f a i l s  t o  
adequately compensate when t h e  app l i ed  pressure f l e x e s  t h e  diaphragm i n  an 
on pressure.  The i n d i c a t i o n  here  
be i n  o rder  where 00 th  p o s i t i v e  dnd 
on. 
The 
opposi te  d i r e c t i o n  than d i d  the  c a l i b r a t  
i s  t h a t  a new conpensation tecnnique may 
neya t i ve  pressures are  used f o r  c a l i w a t  
Determinat ion  o f  C1, C2, and C3 as a Func t ion  o f  Telnperature 
A inore d e t a i l e d  ana lys i s  o f  t he  da ta  r e s u l t e d  i n  the  de terminat ion  
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13 
over 16 cnannels ( a  m a l f u n c t i o n  i n  t h e  address l i n e s  r e s u l t e d  i n  t h e  f i r s t  
16 channels being addressed t w i c e ) .  F igures 8, 9 and 10 show t h e  p l o t s  of  
these c o e f f i c i e n t s  as a f u n c t i o n  o f  temperature. 
p l o t s ,  t h e  p r a c t i c a l  working range o f  temperatures where t h e  behavior  i s  
reasonably w e l l  de f ined i s  from about +50' C t o  about -40' C .  Th is  i s  a 
r a t h e r  r e s t r i c t e d  range o f  opera t ion  and r e q u i r e s  some m o d i f i c a t i o n  o f  t h e  
As can be seen f rom these 
o r i g i n a l  o b j e c t i v e  of opera t ing  t h e  sensors d i r e c t l y  i n  t h e  t h e  cryogenic  
environment. 
be provided t o  keep t h e  sensors above -40' C .  
temperature above -40" C i s  not  as impor tant  as i t s  p rec ise  measurement 
s ince  t h e  temperature behavior o f  t h e  c o e f f i c i e n t s  i s  known. 
po in ted  out  tha t ,  even though t h e  p l o t s  i n  Figs.  8, 9 and 10 are f o r  16 
channels averayed together ,  each i n d i v i d u a l  channel snowed sirni lar charac- 
Namely, i t  appears t h a t  a c e r t a i n  amount o f  l o c a l  t reat ing must 
The ac tua l  cont ro ' l  o f  t h e  
It should De 
t e r  i s t  i c s .  
Example Case 
As an example o f  t h e  compensation technique, t h e  f o l l o w i n g  c o e f f i c i e n t s  
f o r  channel 1 o f  t h e  "sp ider "  module were obta ined f rom t h e  d a t a  by us ing  
simple 1 inear  regress ion:  
C1 = 0.4758 - 0.002906T -40' C < T < SO' C 
r =  - 0.998 
C2 = - 3.3271 - 0.001175T -40' C < T < SO" C 
r =  0.785 
C3 = 0.0020 - 0.0000478T -40' C < T < 80" C 
r =  - 0.971 
where r i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  and i s  t h e  

















































t o  a s t r a i g h t  l i n e .  A va lue  o f  one ( p l u s  
o r  m i n u s )  i n d i c a t e s  a s t r a i g h t  l i n e .  
The values f o r  C 1  and C3 are observed t o  be c l o s e l y  represented by a 
s t r a i g h t  l i n e  w h i l e  the  f i t  i s  no t  as good f o r  C2.  If l i n e a r  reg ress ion  
does no t  y i v z  values t o  a h ign  enougn degree of accuracy, i t  lnay be p o s s i b l e  
t o  f i t  t o  o ther  type curves. Another method t h a t  may be even b e t t e r  i s  t o  
s t o r e  t h e  da ta  p o i n t s  i n  a t a o l e  and use i n t e r p o l a t i o n  t o  ge t  t h e  c o e f f i -  
c i e n t  values. To cont inue w i t h  t h e  example, assume t h a t  t h e  temperature 
sensor r e y i s t e r s  a temperature o f  0' C and t h e  ou tpu t  vo l tage  f rom t h e  
b r idge  i s  1.937 v o l t s .  
t ion:  
The pressure can then be c a l c u l a t e d  f rom the equa- 
P = 0.4758 - 0.002906(0) - C3.3271 + 0.001175(0)] (1.937) 
+ [0.0020 - 0.0000478(0)](1.937f = - 5.961 P S I  
The above values f o r  temperature and vo l tage  were taken from actual1 t e s t  
da ta  a t  an app l ied  pressure of -6.000 P S I .  Al though t h e  c a l c u l a t e d  va lue  i s  
o f f  oy approxi lnately 0.65%, wnich i s  l a r g e r  than  desired, t h e  exainple demon- 
s t r a t e s  the  technique. The temperature read ing  used i n  t h e  example was 
oo ta ined from a tnerlnocouple o laced on t h e  o u t s i d e  su r face  o f  t h e  module. 
I n  the  proposed, compensated module t h e  temperature w i l l  be measured i n  
c l o s e  p r o x i m i t y  t o  t h e  pressure sensor and a decrease i n  measurement e r r o r  
should r e s u l  t. 
Ev a1 u a t  i on o f  Temper a t  u r e  Sensors 
D i f f e r e n t  techniques f o r  measuring the  temperature o f  t h e  pressure  
sensors were Considered. Several o f  these were abandoned e a r l y  due t o  obv i -  
ous reasons such as s ize,  weight, o r  t h e  requirement f o r  t o o  many connec- 
t i o n s .  
couple, the l i n e a r  i n t e g r a t e d  c i r c u i t ,  and t h e  temperature dependent 
Temperature sensors t h a t  were considered and t e s t e d  were t h e  thermo- 
18 
pressure sensor i t s e l f .  
The thermocouple was used i n  con junc t i on  w i t h  an i n t e g r a t e d  c i r c u i t  
thermocouple a m p l i f i e r  which has b u i l t - i n  i c e  p o i n t  compensation. This  was 
found t o  be t h e  l e a s t  d e s i r a b l e  o f  t h e  p o s s i b i l i t i e s  due t o  severa l  draw- 
backs. The pr imary  problem i s  the  more complex c i r c u i t r y  invo lved.  The 
p r i n t e d  c i r c u i t  board would have t o  be redesigned t o  i n c l u d e  t h e  a d d i t i o n a l  
IC and the re  would almost c e r t a i n l y  be contac t  p o t e n t i a l  e r r o r  i n  feed ing  
t h e  thermocouple w i r e  i n t o  tne  m u l t i p l e x e r .  
l e v e l  s igna l  generated and i t s  inherent  s u s c e p t i b i l i t y  t o  no ise.  I n  addi-  
t i o n ,  t he  thermocouple i s  very  non - l i nea r  and i s  d i f f i c u l t  t o  compensate t o  
a h igh  degree o f  accuracy. 
t h e  thermocouple amp1 i f i e r  as a func t i on  o f  temperature us ing  a c a l i b r a t e d  
d i g i t a l  thermometer as a re ference.  This  f i g u r e  i l l u s t r a t e s  g r a p h i c a l l y  t h e  
n o n - l i n e a r i t y  and r e l a t i v e l y  l a r g e  e r r o r  t h a t  i s  p resent  i n  t h i s  t ype  o f  
sensor. 
Another problem i s  t h e  low- 
F igure  11 shows a p l o t  o f  t he  ou tpu t  e r r o r  o f  
A lso  shown i n  F ig .  11 i s  a p l o t  o f  t he  ou tpu t  o f  t h e  l i n e a r  i n t e g r a t e d  
c i r c u i t  temperature t ransducer .  The schematic shown i n  F ig .  12 i l l u s t r a t e s  
a t y p i c a l  c i r c u i t  f o r  t h i s  sensor. 
haves as a temperature dependent c u r r e n t  source w i t h  a 1.0 ua/'C outpu t .  
Th is  sensor e x h i b i t s  a smal le r  o v e r a l l  e r r o r  and a c a l i b r a t i o n  curve  t h a t  i s  
b e t t e r  behaved and, consequently, more e a s i l y  compensated. It i s  a l so  eas- 
i l y  mu l t i p lexed  by sw i t ch ing  t h e  sensors i n t o  a common l o a d  r e s i s t o r  which 
conver ts  the  c u r r e n t  i n t o  a temperature s e n s i t i v e  vo l tage.  
temperature t ransducer  i s  a v a i l a o l e  i n  c h i p  form and i s  smal l  enough t o  be 
bonded onto the  pressure sensor b r i dge  ch ip .  
use t h i s  as a temperature measurement technique f o r  t h e  proposed Inodule, 
however, another s imp ler  and s u f f i c i e n t l y  accurate method was tes ted .  
As seen i n  t h e  diagram, t h i s  u n i t  be- 
I n  add i t i on ,  t h e  
It was o r i g i n a l l y  in tended t o  
19 
L 










0 -' \  



















































































thermocouple amp1 i f i e r  wnicn has b u i  I t - i n  i c e  p o i n t  compensation. 
found t o  be the l e a s t  d e s i r a b l e  o f  t h e  p o s s i b i l i t i e s  due t o  severa l  draw- 
backs. The pr imary proDlem i s  t n e  more complex c i r c u i t r y  invo lved.  Tne 
p r i n t e d  c i r c u i t  board would have t o  be redesigned t o  i n c l u a e  t h e  a d d i t i o n a l  
I C  and tnere  woula almost c e r t d i n l y  oe contac t  p o t e n t i a l  e r r o r  iii feea ing  
the  ,thermocouple w i r e  i n t o  t h e  m u l t i p l e x e r .  Another problem i s  t h e  low leve l  
s i g n a l  generated and i t s  inherent  s u s c e p t i b i l i t y  t o  noise. I n  add i t ion ,  tne 
thermocouple i s  very  non- l inear  and i s  d i f f i c u l t  t o  coinpensate t o  a h i g h  
degree of  accuracy. F i g u r e  11 shows a p l o t  of t h e  ou tpu t  e r r o r  o f  t n e  
thermocouple a m p l i f i e r  as a f u n c t i o n  o f  temperature us ing a c a l i b r a t e d  
d i g i t a l  thermometer as a reference. Th is  f i g u r e  i l l u s t r a t e s  g r a p n i c a l l y  t h e  
n o n - l i n e a r i t y  and r e l a t i v e l y  l a r g e  e r r o r  t h a t  i s  present i n  t h i s  t y p e  o f  
sensor. 
T h i s  was 
A l s o  snown i n  Fig.  11 i s  a p l o t  o f  t h e  ou tpu t  o f  t h e  l i n e a r  i n t e g r a t e d  
c i r c u i t  temperature t ransducer.  The schematic shown Fig.  12 i l l u s t r a t e s  a 
t y p i c a l  c i r c u i t  t o r  t h i s  sensor. As seen i n  t h e  diagram, t n i s  un. i t  oehaves 
as a temperature dependent c u r r e n t  source w i t h  a 1.0 pa/'C output , ,  
sensor e m i o i t s  a smal le r  o v e r a l l  e r r o r  and a c a l i o r a t i o n  curve  t n a t  i s  
b e t t e r  Denaved and, consequently, more e a s i l y  compensated. It i s  i i I S O  e a s i l y  
i n u l t i p l e x e d  oy s w i t c h i n g  t n e  sensors i n t o  a common load r e s i s t o r  wnicn 
conver ts  t h e  c u r r e n t  i n t o  a temperature s e n s i t i v e  vo l tage.  
temperature t ransducer i s  a v a i l a b l e  i n  c h i p  form and i s  smal l  enoilgh t o  De 
bonded onto t h e  pressure sensor b r i d g e  ch ip .  
use t h i s  as a temperature measurement tecnnique f o r  t h e  proposed module, 
however, another s impler  and s u f f i c i e n t l y  accurate method was tes ted .  
The metnod se lec ted  invo lved taK ing  advantage o f  t n e  r e l a t i v e l y  l a r g e  
This 
I n  add i t ion ,  t h e  
I t  was o r i g i n a l l y  in tended t o  
22 
tanpera ture  c o e f f i c i e n t s  of t n e  r e s i s t i v e  eletlients t n a t  make up t h e  semicon- 
duc tor  pressure sensor. 
r e s i s t o r  i n  s e r i e s  w i t h  t n e  pressure t ransducer,  an ou tpu t  vo l tage  can De 
obta ined between the r e s i s t o r  and t h e  b r i d g e  which w i l l  be p r o p o r t i o n a l  t o  
temperature. 
a p l o t  o f  the  r e s u l t i n g  ou tpu t  vo l tage  as a f u n c t i o n  o f  temperature.  
be seen by t h e  diagram, t h i s  r e s u l t s  i n  t h e  s imp les t  c o n f i g u r a t i o n  o f  a l l  
and tne  accuracy o f  the  sensor should be s u f f i c i e n t  t o  p rov ide  t h e  necessary 
compensation. 
c o e f f i c i e n t s  ( i n  the  order  of 100 ppm/"C) are a v a i l a b l e  i n  c h i p  form and can 
be conven ien t ly  oonded L O  t n e  subs t ra te  next  t o  t n e  pressure t ransducer .  
Then, du r ing  f a b r i c a t i o n ,  t ne  r e s i s t o r  i s  s imp ly  connected i n  s e r i e s  w i th  
tne  or idge.  Tne va lue o f  t he  r e s i s t o r  i s  cnosen t o  g i v e  a v o l t a y e  on t h e  
same order  o f  magnitude as the  b r idge  ou tpu t .  
c o n f i g u r a t i o n  i s  t h e  s a c r i f i c e  o f  n a l f  o f  t n e  pressure sensors. 
a d d i t i o n a l  t e s t i n g  along w i t h  some thermal ana lys i s  w i l l  p robab ly  show t h a t  
fewer temperature sensors are a c t u a l l y  needed. 
By p l a c i n g  a low temperature c o e f f i c i e n t  p r e c i s i o n  
F i g u r e  1 3  snows t h e  bas i c  c i r c u i t  c o n f i g u r a t i o n  and F ig.  14 i s  
As can 
The p r e c i s i o n  f i l m - t y p e  r e s i s t o r s  w i t h  ve ry  low tenpera tu re  
The pr imary  drawback o f  t h i s  
however, 
Proposed Design o f  t h e  Cryogenic ESP ivtodule 
F igu re  15 shows an a r t i s t ' s  concept ion o f  t h e  proposed ESP module. In 
t h i s  des ign i t  i s  noted t h a t  t h e  temperature sensor i s  mounted d i r e c t l y  on 
the pressure t ransducer b r idge.  
t u r e  sensor ( r e s i s t o r )  d i r e c t l y  on t h e  subs t ra te  i n  c l o s e  p r o x i m i t y  t o  t h e  
b r idge .  A lso seen i n  the  f i g u r e  i s  one metnod o f  hea t ing  t h e  subs t ra te .  
The c o n t r o l  o f  tnt? suos t ra te  neater  i s  accolnplisned ~y n o n i t o r i n g  a l l  t r ie  
temperature sensors as tney are scanned and, when one i n d i c a t e s  a temper- 
a tu re  u f  l e s s  than a iniriilnuln va lue (e.g., -43' C), t n e  r iedter c i r c u i t  i s  
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necessary, o n l y  the  accurate measurement a t  each b r i d g e  l o c a t i o n .  Th is  
lneans t h a t  o n l y  a coarse c o n t r o l  o f  t h e  subs t ra te  temperature i s  requ i red .  
As the  da ta  a c q u i s i t i o n  system scans the  32 channels, i t  w i l l  a l t e r n a t e l y  
Keep i n  Inind t h a t  t h e  p r e c i s e  c o n t r o l  o f  t h e  temperature i s  n o t  
t ake  a pressure read ing  and a temperature read ing  and t h e  va lues w i l l  be  
used t o  c a l c u l a t e  t h e  unknown pressure us ing  t h e  equat ions g iven e a r l i e r  i n  
t h i s  paper. 
Conc 1 ud i ng Remarks 
This research has shown the  f e a s i b i l i t y  o f  f a b r i c a t i n g  an e l e c t r o n -  
i c a l  l y  scanned pressure module t o  make temperature compensated pressure  
measurements i n  a cryogenic environment w i thout  t he  need f o r  l a r g e  heated 
enc losures.  The c h a r a c t e r i s t i c s  o f  t h e  semiconductor b r i dges  i n d i c a t e  t h a t  
the m in imum temperature f o r  r e l i a b l e  ope ra t i on  i s  about -40' C. 
combinat ion of l o c a l  subs t ra te  nea t ing  and accurate l o c a l  t anpera tu re  
measurement, i t  i s  poss ib le  t o  make h i g h l y  accurate pressure measurements. 
The s a c r i f i c e  i n  channel capac t y  can ,nost p robab ly  be o f f s e t  by t h e  
s t r a t e g i c  placement o f  a few temperature sensors i n  con junc t i on  w i th  t h e  
approp r ia te  thermal ana lys is .  A1 1 o f  t h e  techniques and components r e q u i r s d  
t o  f a b r i c a t e  t h e  module are p r e s e n t l y  ava i l ab le .  
With a 
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